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l)esig,n  ant] crpcration  of high-gain (>1 000), lcw-power (< 75 }iW), ultra low-noise amplifier arrays are presented. ‘1’he
amplifrcr  array is opciatcd in self-biased moctc, such that all amplifiers arc biased irrespcetivc of threshc~lcl  n~isn~atc.  hcs,
aaci operate with low reset noise, ‘1’he  amplifiers a~-c dcsip,ncd  fo~ pc)ssib]e inc.orpc~ration as ~]ixels of hybrid solid-skrte
l>l~otoj]-cottr]til~g,  sensor-, ‘J’he cell pitc}]  is 3(I pm in 1.2 pm ~MOS kzhno]ogy, l)esig,n and cxpcrimcmtal  results from small
sways of the IWO moit  promising amplifier circuits are reported. l)esig,t~ issues fc)r obtaining sub-clcctrcm input-referred
noise from these in-pixel anlJ>lificrs arc discussed. A pcrfonnallcc summal-y is inccmporatcd,

Keywords: Nc)ise-reduction, 11{ readout, pl~otor]-cc)~lrltit~g,  high-gain amplifrcu

2, 1 N’fmol)llc.’l’l  ON

Many spacc+hascd tclescoprx and spc.ctromctcrs l-equile ultra-low read noise [ 1 ] in order to observe a large number of
astrcy>hysic.  ai phcxlcmlena associated with g,alactic and stellar  cwc]lution, higti ~cd-s}lif[ ob.jccts, etc. [2]. I)ctcction of ukra-
IOW Iighl  ICVC1  signals arc also required in a large numbc}  of environments involving tactical and strategic military
applications, such as night visicm. l)ctection  of fainl ol>jccts require cit}]cl c.xtrcmcly lcm: integraticm  times 10 build enoLlgh
signal to bC above t]lc syst~n~ noise floor, or inla:,e intcnsiflc,ation  usinp, p]lolC~-lllLl]liJ>]icr  tubes or nli C1’O-C]laIIIIC]  p]ateS
(M[:l)), N4(:1’ approach suffers from the ungainly requircm!ents  c,f hi~h voltage (-- 5000\ ~)) large mass, high pmvcr, high
clcad-times, small clynamic range, and “scrubbil~g” for stability [3]. On the othc] hand, flickct noise of(cn limits the
exposure time in a c.onvcn(ional  11< readout, limiting delectability of ultra-low level 1}< signals. in a typical 11{ detection
S.WCW, h mlab:,  Ilat UIC of the signal Inakes it susceJ)tibk  tc) nc)ise picJi-uJ) along the. entire path of the signal chain. I’he
n~ultiplcxci noise, ccmsisting of w})itc noise in the MOS transistcms ancl unwanted clock J}ick-up,  is typically around 1 ()-2()
elccl!cms  in Ic)w-noise  systems. Multip]exers  with sub 10-electron read noise [4] are fi~~ ancl f’cw bctwcm,  and tend to suffer
fl on] a large wsponsc l)ol~-Lli~ifcJrll~it~/ and ncm-lillcarity,

l)ctcction  c~f faint objects will be greatly enhanced by havi[l~, r’eaclouts  wjttl sub-electron read noise, Jf’1,  has been
explorinp a novc]  aJ>proach to ulti-a-low-noise senscr realization  ill which the limitation due. to rcacl IIoisc can be ovcrcomc
b~ countinp  photoelectrons within each J>ixcl, and generating, a cmc-bit digital signal flom each pixel, makin~, the readout
system essentially noise free. ‘1’he sensor has a hybrid stl-ucture, similar ICJ ccmventional IR sensc)rs,  with the iInpo:lant
ciiffcwnce that the rcaclout chiJ) consists of a novel nlultiJ>lcxer that is sensitive to singic pholo-electrons. (onscque.mtly,
such a solid-state 1}< sensor enables irl-pixet  ~~l~c)tol~-c.o\llltiTl~,,  greatly enhancing ultra-low light level signal detection
capability. Although in-J~ixel digitization has been previously demonstrated, it is limited to detection of large signal
fluxcs[5],  ancl are nc)l amenable fol- solid-state p]~cltol~-collr}tirlg,.

?;ig,urc 1 shows the schematic of a unit-cc]]  of the solid-state pllotol~-coLllJtirJ~ sensor undw investig,atiorl,  consisting of a
photo-diode dctectcw (1’1))  and cascade of hi,g]~-gairl  arnplifrcrs with ~,ains A 1 and A?. “l’he readout multiplcxcl- senses the
chang,c in the vc)lta~c at the capacitance (C.i,l)  of the hybrid burn~) bond (that inc]ucles the clcwctor  capacilancc, burnp-to-
madout  circuit capacitance, sense transistor pate capacitance, and parasitic capacitance.) in crclcr to detect the prescmce of
photocktlons.

‘Jhc circuit Clpcralcs as follows. T’he photc)-dctrxtor is reset using the, switch (C)r,,)  to bias it in the, integrating mode. A
photo-electron g,encrated  at the photo-diode, changes the potential at the input capacitance Cil,. Ibis potential is buffered by
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discrimination between presence or absence of
J)ho(oclectrons.  Since,  the gain sta~,cs a r c
required for boosling the sip,nal enough to

~- ‘~i,, Ou[ allow proper thrc.sbo]cting, gain unifomity is
I nol a ccmc.crll. l’bus, t}]c pixel readout cilcuit1 I

I I- - - - -  - - - - - -  - - - - -  -- L----  - - - - -  - - - - - -  -. permits counting of individual pho{oclectrons
to prc)ducc  a dig,ital outpLlt proportional to t}w

k’igutc  1 Schematic of the unit-cell of a [Jl}olclll-c(j[llltitlg  sensor incicic.nt photon flux, and enable accurate
UIM-1OW light le.vcl signal detection.

‘1’hc  critical component in this sensor  is the high-gain, ultra-low-noise, self-biased amplifier array that enables solid-
statc p}~oton counting with a high dcg,rcc of spatial resolution, and a ]arg,c dynamic ranr,e. la this J>apcr, the design and
c)pcratioll of these. amplifiers is prcscntcd.  III section 3, the design requirements of the amplifiers are presented, followed by
the design oft Wo different topc)]og,ies of amp]ificr’s.  ]n section 4, nlcasuremcnt lcsuhs from these arnp]ifrcrs  arc  presented
ancl discussed, in section 5, lo~v-noise  design considerations for different in-pixel amplifiers are presented.

~. l)lXl_(;N_()~.  TJI.1: 1~-1’lJ  l;l,_A~J~J.,l_B~~]<_S

‘1’he ]~l~otol~-co~lr~tir~~  rcaclout requires an cxtrcmel}r novel pixel design consisting of amJ~lifrcrs that inhibit the
following charactc]istics:  ]ow-powel-  (< 100 pW pm pixel dorinp, rcaclout),  high charge-to-vo]tagc  conversion gain
(> I ]n\l/c”  ), ]ow.noise, (< ] C-), smal} CC]] pitc], (< 3(I }Lrn), CaSy sca]abi]it>  (to ] () ~lnl),  se] f-biasing capability, sufficient

~,ain ur]iformity (-- 10“/o)  for n~ultiJ~lc  event ciiscl-imination,  and bias current progral]~~l)abilitj’.  Hissing a high-g,ain  circuit
poses a considerable challeng,c  duc to the inherent threshold mismatches in MOS  transistors in~plcmcntcd  in 171,S1
tcchno]o~,y,  Sc]f-biasinpj  capahilit)’  is required to ensure that all the pixe.J amp]ifrcls  remain biased in high-gain mode, in
Jmscncc  of typical threshold mismatches of 10-20 n]V. ‘l’otal read noise consists of white noise and I/f noise in the
MOSl~l;’Is,  as well as the so-called reset noise. Since, correlate.d cioub]e-samplillg readout  cannot be s,cnctally used in this
schcmc  fo] elimination of reset noise, the amp]ifrcr  circuits require to fCat UrC built-in reset noise reduction, A high charg,e-
to-vo]tag,e conversion gain generally requires high voltag,e gain, tyJ>ically around 60 dI; . in section 4, the voltag,e gain
r-equiremcmts  will bc further reviewed, Although , gain uniformity is not critical, a hig}~  dcgrcc of gain uniformity is
dcsimble,  since, this allows incorporation of multi-bit clig,ital convcr(er  incorporsstion.

‘1’hr schematic of the unit-cell an~J)lificr circuit with built-in clll]l~rlly-s}~’itc}l  ccmpcnsatccl  self-biasing, is shmm  in
fip,urc 2. ‘1’hc  in-pixel amplifier consists of a two-stage cascade of sc]f-biase.d,  cascodc gain stages. “1’he  MOS transistors
MiJ)(I,  h4cas~, and Mh]~ form the first cascodc. gairi stage, with McasC acting as the cascodc. transistor. ‘1’hc  first stage is
designed with a nominal g,ain of 37 d}], and is cascaded to a similar but lower gain stage (gain - 25 d}])  thal drives the
column bus. in-pixc] cascodins  allows n~inimiz.ation of couJ>ling capacitance between input and clutput,  thereby increasing
the sensitivity of the circuit.

“J’hc amp]ifier  operates as follows. ];irst, the anlJ>lifrer and the cle.tcctor connected to its inJJut  are reset by pkhl~ d),st.
Reset is fc)llowed by self-biasing phase during which the output of each stage. (Vo,l,l,  VO,,(?)  are set to a c1.c, level such that
all the transistors operate in saturation mode, ensuring high-gain from the an~J~lifiers,  This is carried out by J>ulsing ~~Cl high
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Figu rc 2 Schematic of a two-stage dummy compensated self-biased amplifier with associate(J  clocking diagram

clurillg which h41n~ opmates  with its gate and drain shoried tog,cthel-. “1’his  resLIlts  in the gate of MIT)C to be charged up to
the voltage nczcssary 10 maintain all MOSF}~.”1s  of sta~,c 1 (MipC:,  Mcas(;, Mlnc)  to oJ~erate in saturation. When ~,,j goes
low, the load bias ge.lleratc.d during the self-biasitlg  phase is fromm  cm the capacitance c;,,,,, and the first alnp]ificr  stage is
biased in high-gaiu  mode. ‘lo suppress biasing mm doc to s~i’itcl~-fccdtilrc)tlgl~  frcm Mswnc  while it is being shut-off, a
clummy  transistor compensation is LISCCI  [6]. ‘J’he second stage is self-biased ill a similar fashion by pulsing  I$C2.
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Figure  3 Self-biased amplifier with diode shut-off switch

‘1’hc  self-biasing circui t ry cnabks prqcr
b i a s i n g  clespite the thrcsho]d  mismatchm and
validations in the input reset ICVC1. As a result, it
allows amplifier operation wiih reduced reset
noise,, variation irl the output I-eset level being,
dcpcmdm cm the lar-f,cr  storage capacitance ((;,,,,)
irlstcad of the srnallcl- input capacitance (~ill). Thc

first Stage outJml-refcrr  ecl reset noise is
appr oximatcly  ~iven b)’:

() li7 ( 1)’:!, : - - - l + -
‘ - )

(1)
?<vlr, ~,,,[nc”  %,’

where g,,,),jc. is the Iranscollductancc of hflr~c~ ar~d
R,m is the ON-resistance of Mswnc.  lypically,
g,,,l,,c .}{,,,  is much less that) urlity and the reset noise
is determined plimarily by (,,,,. F’]om equation 1,
the value of (:,(,, is chosen to ensure that the reset
noise is much less than the vcrltagc step due to
sir~g,lc electron input,  “1 ‘he choice of C,,,, represents
a compl-crmise  bctwccrl c e l l  s i r e ,  SPCCCJ o f
operation, and noise, and is designed  to bc 35~ fl;.
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“J’hc  IesHltam  rlimcnsicms  of the  two-stage amplifier is 48 pm X 51 pm in 1.2 pm CMOS lcchnc~logy.

A SCCOJKI imp]emcnlation of the high-gain stage inc.m’pmtes  a novel and simpler Self-biasin.g scheme. ‘Ibis gain-stt%c
features tecluced ccl] sire, fewer  clocks, more reliable biasing, and fi~s~er biasing spcccis. ‘J’Jle. se] f-biasing, scheme consists
of a diode-shut off switch, implemented with a g,atc-tc)-drain  shorted h40SfI;’I’. A schematic of the pixel with a single-stage
amplificl  is shown in ftg,ure 3. ‘I”his  pain sta?,e. shown can be cascaded  to a similar gain stag,c to realim a pixel with a two-
sta~,c amplifier. ‘J’hc self-biasing stage requires only one clock +,. in order to carjy out self -hiasinp,, +, is pulsed hi~h
momentarily to pLIll the node \ll, high, ~hilc  the output of the stage (VO,,t})  remains at a low voltage, causing MdnI) to bc
turned ON.  When ~t, g,ocs low, the nodr discharges thtoogh the, same transistm  (MdnI))  till no cur~cnt flows throush it, ‘J’he
curl cnt flow slops when the node \l ~,, which is also connected to the gate of the loac! transistor (MlnD), is at a potmtial  that
suppm[s  t})c bias cuwcnt flow t}~roupj~ the ampliflcr,  As with the previous cil-cuit, all transistcms arc in saturation at this
st ap,c, and the resultant V,, is Ihe optimal load bias. ‘1’hc swit cl~-fe.cdtl~l-c)~lg}~  from N4 lnl ) is minimal because of the inhc!-ent
self-limiting, nature of transistor shot-off. With ~$t, - 350 ft~, the cell size of the two-stage amp]ificr  is 36 ~(rn X 36 pm in
1.2 ~tlll cN40s  technology.

LIXI’l;R!  N 10..!’A1 , RIW1:lS AND 12 JSQJNION

4. I Trs( chip (:rchileclure

Several chips with a variety of different uni[-ccli
circuits  wcl-e dcsignecl a n t i  lestcd fctr a pat-amctr  ic
understanding c)f t}lc operation of the pixel. ~’he chips
WJcrc fabricated [Isinp, }lcwletl-Packarcl  I.2 pm CN4[)S

lcchno]op,y  through  MOS1 S. A small J)hoto-diode (with
cffe.ctivc detector capacitance of 36 fl;) was
n~onolithical]y integrated in each pixel in order to allow
mcasorement of response of the pixels 10 charg,e input
‘1’hc  chip photograph of the pixel consisting of a self-
biasecl arnp]ificr  wiih diode. shut-off switcl) is showm in
fiflure  4. ‘J’hc pixc] area (Withot]t t}le test Jhoto-diode’) is
hi~l~lightcxi by a r-cctangle with white borclcrs. ‘1 he Jmw’cr-
and the Gl{OUNI)  buses  can be identified from the thick
metal l i n e s  ranning horizontally. ‘1’he self-biasing
capacitance (CI~,,),  seen as a rcctansje.  urldcr  the VI)IJ  line,
takes up only a tiny fraction of the total cell area.
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Figure  4 C h i p  photc}graph  of  the  pixel wifh sclf-
biascxi amplifier

The  tes!  circuit consists of adcliticmal

circuitry to facilitate mcasurir)g  response
of the circuit to voha:,c  and charge inputs.
~ig~~re 5 s}]ows the schematic of tllc  teSt-

chip pixel. lt consists of the high-gain

lx [1 amplifier of voltage gain A, the festO1)t~ll,J,
A nhc)to-diode (1’1)’t.  and a source  follower

Vigurc  4 Schematic of tesf-chiJl pixel for
to volfagc and charge inputs.

--, -A  )- - - - - - - -

-l ~S1’) tc~ buff& tl;e fest cliodc,  ‘J’he d i o d e

1-

V can bc reset using ~~,,t..  A small a.c. signal
can also be input throug}~ the rcseI. switch

(:11, to measure the voltag,c rcsJ>orm.  Selection
switches +d,Od,  and $,I,,J,  determine wrhcther

the scmrce follower  or the amplifier is
mcasurcmcmt of response selected for readout, l’he mcasurcmcnt

was carriccl out from a 32 clcmcnf linear
array ofhigl~-g,ain  pixels.

lt~frutcd  rcadou[  techttology  11[,  .$’P[F;  vol. 274~,  Orhttdo, 1996 pa?,e [4]



A 11 n~casur’emcnts of the pixel circuits were.  carried out at room tmpcrat ure. An oscillcrscopc photograph of the volta~,e
input and output traces of a sin~le-stsi~,e  self-biaseci amplifier CCII with dic)dc  shut-off switch is shown in fi~urc 6. “1’hc cJip

in the output trace coincides with the clock r$,
(shown in figure 3) bcin~ pulsed, and indicates the
effect of the self-biasin:, operation. q’he output is
pullc.d low durinp, the. self-biasing phase in order
to maintain the total cur-lent tlcrw through the load
!Iansistor.  Once +C goes low, the output is mtorcd
to the appropriate bias level as demonstrated in
fif!,ul(’  6.

The amplifier CC1l is biasecl with a curlcnt  of
15 pA. ‘J’hc input a,c. sip,nril is a 20 IIIV  signal  (top

trace), resulting in a output of 1 V pp. a,c, signal
(M [cm lrace).  “J ‘he J~ixel is bufferecl  with a twcr-
stag,c scrurcc follower pad-driver with gain of 0.65,
so that the, SIc(llal vohagc gain (A,,l) from the cell
is 76.9.  “1’ypical  Sing,le-slagc vo]tag,e  g a i n  w a s
mcrrsurcd  to be in the ral~ge of 60-100, depending,
upon bias curlmt  and input transistor sizes.

Figure  6 Oscilloscope trace of input  and output from a sinsle
self-biased gain stage

Jioth an)J~lificr circuits were operated over a lal-gc ransc of bias curl-cnts spanning from 0.5 to 50 }(A. %lf-birising  and
high-ga~ll  were c)btaincd OVC1 the entire range of currents, although the self-biasin~, tirnc increased to ~nore tl~~~ 2(I p$cc.
J’01 curmmts smaller than 1 pA. “1’he  measured vol[af,c. p,ain reduces w’ith increasing bias current, the ~,ain I cduction
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depending nearly as the square-root of
the curfent.  l’his is because the output
resistance diminishes at a faster rate
than the rise in the transccmcluctance
with an increase in the bias c.urrenr.

“J ‘he pixel-to-pixel p,ain non-
uniformity measured from a 32x 1 linear
array of self-biased amplifier- with cliodc
sJlu(-off  switch is shown in figure 7. A
high degree of pixel-to-pixel gain
uniformity was achieved for both self-
biasinp, dcsiq,ns, rncasrrrcd  gaili non-

() 4 8 12 16 20 24 28 32 uniformity being less than fro/o even for

J’ixel number
avCrage, pi~cl v~lta~e ~ains as hi@ a s

62 dB, as shown in Jlpure 7. ln~Jwoved

}~igurc 7 Measured  pixel-to-pixelv oltageg ailltll]ifc~r]llity
gairl nlatchin~,  (<3Yo) is observed from
single gain sta~,cx.

4..7 <Y crrge-mode nwus14rcmellt

]OZ n~casumncnt ofrcsponscto  charge il]pllt, pl~otc~-cl~ar~,e~ ~as create.dhy shining light on thcphoto-dic)dc, causing
tbenct clctcctol- caJ)acitance ((i,,  - 36 JT)to  discharp,e at tJ~e rate of lV/10 msec,  and thcresukant voitagc  swin& at the
output of tJ~c amplifrc.r  ancl the soul-cc follower buffc.r wc.re  measured indcpcndcnt]y  by se]ecting  either ~~a,,,[,  01 ~)dmdc

respccthely.  Jf AVO,,l,,,,J, is the swing, at the output of the pixc.1 with the self -biasecl anlplif]cr-, AVO,,t~,.  is t}~e s~’ing at the
outJNlt of thediodc  for the san~ccharg,  c(Aq)input fron~th cphoto-de.tcctor,  and A,r is the source follower’snlall sigtlal gain,



“ix = 4:’>35(-71 (2)

Slti, was fou]ldtobe strc)l~glydc}>cl~dc]~t  ol~tl]e.~’oltag,cp,ait] of the pixel al~lplificr,te]~clil]g,tc}  level out only forvoltag,c
gain (A, )gt-catcr  tl~al~20C). A maximum cllarge-tc)-voltaf,  ecc)llt’ersiol~ gain of 170pV/e-  ~rasn~Casllred  at A.’ 25~ I’he
dc}>el}CIC]]ce~f  S,,i,o~~t} ~ev~ltagcga iI] isdlletc]t}~epresel~c.eofa  smallbut  incvitabl cparasitic capacitance (~l,)bctwccn
the input and the outptrt node, which forces  the high-p,ain circuit to behave as a capacitive trmsirnpedance  amplifim’
(C’J’IA) in responsctochargc input. 3’l]cc.l~argc-trJ-\c)ltag,cco]~vcrsio]~ p,ain c:t]~tl~cl~ t~ccalc.tllatecl  from thcw’ell-kncrwn
expression forO’lA response, and isthcnp,iven  by:

(3)

k’igure 8 shows the measured voltag,e.  swing at the pixel output due to a fixed charge input with different anlJ~lificr
volta~,c gains. ‘l’he  individual dots in fig,ure 8 rqmscnt lhc mc.asurcd  voltage swin:,s as a function of the in-pixc] amplifier
voltage g,ain, and the solid line rcpresemts  the expected response assumin~  a CH’l  A front-end with ~,, ‘ 0.805 W, and
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CiT, = 36 fl:. T’hc prciictcd  rCspo]~sc i s
well in agrccmcnt with the mcasurwd
data ‘Ihc parasitic. CH’lA mode of
opctaticrn underscoresthc  in~J>ortarlce of
keeping, the capacitive coupling, bclwcen
the input and CIUtJ>Ut  ]ow, and hcnCe. lh8
importance of having a cascodc front-
end, ~’hc n~easurcrncnt  a l so  ind ica t e s
that a high vc)ltage gain (> 100) is not
required for obtaining a high charge
sensitivity, since the response is lirnitcd
by the. pamsitic coupling capacitance.
“l’his  is esl)ccially  true for pixels with
smaller input capacitance, allowirig
furlher  simplification of the ill-pixel

5(} 100 ] 5(I 2 0 0 250
amplifier c i r cu i t ry  and  enabling a
r-cducticm of thece]l  sire.

,flmp]ifier \KIltage  gain
Noise in these circllhs  W’cre

Measured output swing (for a fixecl charge  input) of a measured by calculating the standard
pixel with a single-stage amplifier as a function of the deviation of the diffcl”e.nce of two outpUt
voltage gain samp]cs separated by a shorl  time T (-

100 psec. ), white the amplifier w a s
high-p,ain  mocle under dark condition]. in the two dcsip,ns, input-referred noise of 3-4 electrons has been

n]casu  Ie. d, which is slightly higher- than the theoretical pre.dictiorl of 2-3 electrons  r.m. s. ‘1’hc cause of the exccss  noise is
expected to bc flicker noise, reduced power stl]~~~lyrejectiorl, ancl clock pick-up noise.

A summary ofthcpcrfornlance ofdiffcrcr~t  Unit-cc]k  isp]cwidccl intab]e  ]. ’I’i~ep crfort~~ar~ce  slllll]~]ar)’  illdicatcstilat
low-power, high-gain, self-biascci al~~plifie.rarraysi~’itll  small cell-sizeand  ultra-low-noise levels are possible, and have
bccJl dmonshatcd fcrrthc first time, Although gain uniformity is not a concern, t}lcsc amplifrcrs  exhibit excellent gain
uniformity, possibly enabling pl~otor~-cotllltil~g,  with inc.rcasccl dynamic rang,e. The tab]c mporls only the peak power,
whcrcas theavcragcp owcr/pixel is much ]CSS, sirlcel]]c pixc]sc()rls~l]ll  e]>()llJcr  ()l~]ywr]~crl  tilcyarcrcad out.
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Table 1

CHIP  NAMI~, 1’11TI095 PIITJ095__.. .— - -———  ___ P11TJ09S
scif-bk tyl}e  –

dummy switch

‘--7-=q

diode shut-off
cong~cnsat ion switch——. .—

#of gain staSes 2——— — . .
Tcchno]. (name, pm) 11}’, 1.2 t]}’, 1.2 }11’,1.2 1——— —. .——. ———..
#/ of MC)SFETs/eel]

——
10 10 6~—— .—.—-—-—--- -——————

# of bias clocks
—— ..—__-——

2 1 I

- Array Format — “–---” ..-_-A _ _ _  64X 1 64x1——..-.— __— .-.
~ell si7t (ptnx~lm)

. .——.
48X51 36x36 28x28— . —  _ _ _

Peak Power (}~W)/cell 75 “— 75 35————— —- .— . — — . .  .—. —
Voltag,e (iain (dB) 63.0 59.3 34.8——. —..——---.—

..Max Gain variation (Yo) 7.8 7.1 3 . 2—— ———

?QOise (n~V) 5.6 6.8 0.39——— —.—.
Listimakxl NRQ (elect,) 4.6 3.7 3,05——— ——.
Self-biasing speed  (ps) 5.() 2.5 ?.0

Pcrforn~ance  summary of the self-biased in-pixel amplifiers

4 _L.Q.W-NOISI?  DESIGN CX4WS1.DI;I<ATJ  Q.FM

~’here exists a trade-off between readout unit-cell designs with two-stage and single-stage in-pixel amplifiers. A single-
stagc  high-p,ain  in-pixel arnplifter behaves as a ~1’JA. The ccl] size is small, since only one slage arnp]ifler  is incorpo~ated.
1 lowcwcr,  the output  voltage swing, for a single electron input is also small, lin~itcd tc, around 200 pV by the sub-fF
parasitic input-to-output coupling capacitance. l’he small si.gna]  swing ma!ics this dcsi~n more susceptible to down-stream
noi$e pick-up. ]n the sing] e-stage architecture, the output of t}~e amp]ifict” drives the entire co]umn bus line, as a rcsu]t of
which the anlJtlitier needs to be biased at a hig}~cx current lCVCIS, and consequently the sensor power requirements are
higher.

The two-stage design allows the flexibility of indepcndcmt  optimization of the front-end and the cc)lurnn drive circuitry,
enabling lower pc)wer, faster speed, and ]owcr noise, at the expeJIsc. of increased eel] sire. The two-stag,e  design dhVS

increased vol{age swing (- 2-4 nlV/e-)  in response to a single electron input, as a result of the buffering gain from the
second amplitler  stage. I’he second pain stage has smaller voltage gain (- ] 0-20),  since it is required to drive the Co] Ullln-
bus as well. However, in comparison with the single-stase design, a 10-20 fold increase in signal swing can bc achieved.

Another parameter important for the pixel desig,n is the total noise, measured in input-referred noise. Reduction of
input-referred noise requires lowering of the effective input capacitance, Since the pixel readouts operate in a parasitic
O’l A mode,,  reduction of noise requires lowe]-ing  of both input capacitance ancl feedback capacitance, the noise being
proportional to the square.-rc)ot  of the suJn of the two [7] .’l’he input-referred noise in electrons of the two designs can be
expressed as:

whcm  N~(r,l and N1~LFz arc the input-referred noise  electron for t}~e single and Ihc iwo-sta~c  desgn  respectively. &,lI ~il~d  ~n,i

arc the respective transconductances  of the load and the input transistor,, and g02 is the output conductat~cc of tl~c seco~~d-
stag,c. ~lo,~ is the column load capacitance the pixel drives, (~, is the equivalent HIA capacitance of the, front-encl, VF is
the gate-referred flicker noise voltage at 1 IIz., f, is the cut-off frequency of the pixel, and ~ is the correlation time constant.
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